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PROCEDURES FOR TESTING SOILS FOR THE DETERMI- 
NATION OF THE SUBGRADE SOIL CONSTANTS 


By A. M. WINTERMYER, Assistant Highway Engineer, E. A. WILLIS, Assistant Highway Engineer 


and R. C. THOREEN, Junior Highway Engineer, 


United States Bureau of Public Roads 


HIS is the fourth of a series of articles on the 

subject of subgrade soils. The reports published 

in the June and July, 1931, issues of PuBuic 
Roaps discussed the soil test constants, their signifi- 
cance, and their application in practice. The report 
published in the September issue described the pro- 
cedure for making subgrade soil surveys in the field. 
The purpose of the present report is to acquaint the 
reader with the procedure employed in testing soils in 
the subgrade laboratory of the bureau at Arlington, Va. 


PREPARATION OF SAMPLE 


1. Apparatus. 
lowing: 


The apparatus consists of the fol- 


A balance sensitive to 0.1 gram. 

A mortar and rubber-covered pestle suitable for breaking up 
the aggregations of soil particles. 

A series of sieves, of square-mesh wire cloth, conforming to 
the requirements of the standard specifications for sieves for 
testing purposes of the American Society for Testing Materials 
serial designation E-11). The sizes required are shown in 
Table 1. 

A riffle sampler or sample splitter, for quartering the samples. 


TABLE 1.—Requirements for sieve openings and wire diameters 
with permissible variations 
Mesh Polerance 
lesig- 
nation, 
U.8 : - Wire diameter 
stand: Sieve opening Wire diameter Aver- Maxi 
ard age mum 
sieve Opening tra. Over Opening 
series nacer ver 
Milli- Milli 
No meters Inches meters Inches Per cent Per cent Per cent Percent 
4 4.76 0. 1870 1. 27 0. 050 +3 15 30 10 
10 2.00 . O787 . 76 0299 +3 15 30 10 
40) . 42 O165 25 009s +5 15 30 25 
200 . 074 . 0029 053 0021 +S 15 35 60 


2. Sample.—The soil sample as received from the 
field is dried thoroughly in the air. A representative 
test sample of the amount required to perform the 
desired tests is then selected by the method of quarter- 
ing or by the use of asampler. The amounts of material 
required to perform the individual tests are as follows: 

_(a) For the mechanical analysis, material passing 
No. 10 sieve is required in amounts equal to 115 grams 
of sandy soils and 65 grams of either silt or clay soils. 

(b) For the physical tests, material passing the No. 
40 sieve is required in total amount equal to 200 grams, 
allocated as follows: 


Grams 
Liquid limit__ Res aa. 30 
Plastic a oa eee ee _ a6 
Centrifuge moisture equivalent ____- $ eae _ 10 
Field moisture equivalent - es eat sa ae 
‘Olumetrie shrinkage____ _- ae << we 
Flocculation and check tests- — — — - 65 


(c) Physical tests of binder material are performed 
only when it is desired to investigate the properties of 
the active constituents in sand-clay and gravel road- 
surfacing materials. In this case 100 grams of the 
Material passing the No. 200 sieve are required and the 
tests are performed in the following order: Field mois- 
ture equivalent, plastic limit, liquid limit, volumetric 
Sirinkage, and centrifuge moisture equivalent. The 
76692—31——-1 





material remaining after the conclusion of each test is 
used in the next test, except that the test for the centri- 
fuge moisture equivalent is made with material not used 
in previous tests. 





FigurE 1.—Buoyoucos HypDRoMETER, CYLINDER, AND 


SpeciaL MILk-SHakE MACHINE 

3. Procedure—That portion of the air-dried sample 
selected for test is weighed and the weight recorded as 
the weight of the total test sample uncorrected for 
hygroscopic moisture. The test sample is separated by 
sieving with a No. 10 sieve. That fraction retained 
on the No. 10 sieve is ground in a mortar with a rubber- 
covered pestle until the aggregations of soil particles are 
broken up into the separate grains. The ground soil is 
then separated into two fractions by sieving with a No. 
10 sieve. 

That fraction retained after the second sieving is 
washed free of all fine material, dried, and weighed. 
This weight is recorded as the weight of coarse material. 
The coarse material after being washed and dried is 
sieved on the No. 4 sieve and the weight retained on the 
No. 4 sieve is recorded. 

The fractions passing the No. 10 sieve in both sieving 
operations are thoroughly mixed together, and by the 
method of quartering or the use of a sampler a portion 
weighing approximately 115 grams for sandy soils and 
approximately 65 grams for siJt and clay soils is selected 
for mechanical analysis. 
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The remaining portion of the material passing the 
No. 10 sieve is then separated into two parts by means 
of a No. 40 sieve. The fraction retained on the No. 40 
sieve is discarded. The fraction passing the No. 40 
sieve is used for the physical tests. 


MECHANICAL ANALYSIS BY COMBINED SIEVE AND HYDROMETER 
METHOD 


1. Apparatus.— The apparatus consists of the follow- 
ing: 

An analytical balance sensitive to 0.001 gram. 

A special milk-shake machine with specially designed dis- 
persion cup. 

A hydrometer graduated to read grams of soil per liter of 
suspension. The milk-shake machine and hydrometer, illus- 
trated in Figure 1, were designed by G. J. Bouyoucos and are 
described in Soil Science, (vol. 23, No. 4, April, 1927, pp. 319 to 
330). 

A glass graduate 18 inches high and 2 inches in diameter and 
graduated for a volume of 1,000 cubic centimeters. 

A Fahrenheit thermometer accurate to 1°. 

A series of sieves, of square-mesh wire cloth, conforming to the 
requirements of the standard specifications for sieves for testing 
purposes of the American Society for Testing Materials (serial 
designation E-11). The sieves required are shown in Table 2. 

A water bath for maintaining the soil suspension at a constant 
temperature during the hydrometer analysis. This is an insu- 
lated zinc tank and maintains the temperature of the suspension 
at faucet-water temperature. It is illustrated in Figure 2. 

A glass cylinder 9% inches high and 2 inches in diameter, having 
a capacity of about 425 cubic centimeters. 
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FigurRE 2.—TANK FOR GRADUATED GLASSES, USED FOR 
MAINTAINING Sort SusPENSIONS AT CONSTANT TEM- 
PERATURE DurING HyDROMETER ANALYSIS 


2. Sample—Of that portion of the total sample 
selected for the mechanical analysis, 15 grams are used 
to determine the hygroscopic moisture and the re- 
mainder is used for the combined sieve and hydrometer 
analysis. 

3. Determination of hygroscopic moisture —The 15 
grams selected for this purpose are dried to constant 
weight in an oven at 110° C., weighed, and the results 
recorded. 

4. Flocculation test—Five cubic centimeters of soil 
particles (weight in grams equal to five times the 
specific gravity of the soil particles) of that fraction 
passing the No. 40 sieve are placed in a graduate and 
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TABLE 2.—Requirements for sieve openings and wire diameters 
with permissible variations 
Mesh Tolerance 

desig- 


nation, 
U.S 


‘ i » AT ea 
Pdi Sieve opening Wire diameter Wire diameter 


A ver- Maxi- 
ard age mum 
sieve open- | open- 
series ing | Under! Over ing 

Milli- Milli } 

No meters Inches neters Inches Per cent| Per cent Per cent Per cent 
20 0. 84 0. 0331 0. 42 0. 0165 +5 15 30 25 
10 42 0165 25 OOUR +5 15 30 25 
60 25 OOUS 162 . 0064 +6 15 35 40 
140 105 OO41 O74 0020 tS 15 35 60 
200 O74 OO2Y 053 0021 tS 15 35 60 


vigorously shaken with 45 cubic centimeters of dis- 
tilled water for two minutes. The graduate is then 
set aside for a period of 24 hours. If during this 
period there is evidence of flocculation, the fact is re- 
corded, together with a note regarding the extent of 
flocculation and the approximate time at which it 
became evident. 

5. Hydrometer test procedure-——The portion of air- 
dried soil selected for mechanical analysis is dispersed 
by one of the three methods described below. The 
method to be used is determined by the plasticity index 
of the soil. 

A. In the case of soils having a plasticity index 
between 0 and 5, the soil is placed in the special dis- 
persion cup and distilled water is added until the cup 
is within 2 inches of being full. A deflocculating 
agent, 20 cubic centimeters of sodium silicate solution 
(3° Baumé at 76° F.), is then added and the contents 
of the cup are mixed by the special milk-shake machine 
for a period of five minutes. 

B. In the case of soils having a plasticity index be- 
tween 5 and 20 the soil is placed in a small evaporating 
dish and completely covered with water. It is allowed 
to soften under water for a period of at least 18 hours. 
After the soil has softened it is washed into the special 
dispersion cup and dispersed in the same manner as In 
method A, except that the time of dispersion is in- 
creased to 10 minutes. 

C. In the case of soils having a plasticity index 
greater than 20 the soil is placed in a glass cylinder and 
to this is added 100 cubic centimeters of 6 per cent 
hydrogen peroxide. The cylinder is shaken until the 
soil is completely wetted. The cylinder is then covered 
with a watch glass and placed in an oven at a tempera- 
ture of 110° C. for 1 hour, after which it is removed 
from the oven and allowed to stand for at least 18 
hours. The peroxide is used to assist in the dispersion 
rather than to remove the organic matter. After the 
soil has been treated with peroxide as described above 
it is washed into the special dispersion cup and dis- 
persed in the same manner as in method A, except that 
the time of dispersion is increased to 15 minutes. 

It is important in all cases to see that the paddle on 
the dispersion machine is replaced as soon as it shows 
signs of wear. 

After dispersion the mixture is transferred to the 
glass graduate, and distilled water having the same 
temperature as the constant temperature bath is added 
until the mixture attains a volume of 1,000 cubic centl- 
meters. The graduate containing the soil suspension 
is then placed in the constant temperature bath. The 
suspension is stirred frequently with a glass rod to 
prevent settlement of particles in suspension. When 
the soil suspension attains the temperature of the bath 
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the graduate is removed and its contents thoroughly 
shaken for one minute, the palm of the hand being 
used as a stopper over the mouth of the graduate. At 
the conclusion of this shaking the time is recorded, the 
graduate placed in the bath, and readings taken with 
the hydrometer at the end of both one and two minutes. 
The hydrometer is read at the top of the meniscus 
formed by the suspension around its stem to the near- 
est one-half gram per liter. Subsequent readings are 
taken at intervals of 5, 15, 30, 60, 250, and 1,440 
minutes after the beginning of sedimentation. Read- 
ings on the thermometer placed in the constant tem- 
perature bath are made coincidentally with the hydro- 
meter readings and recorded. 

After each reading except the 1-minute reading, the 
hydrometer is very carefully removed from the soil sus- 
pension in such a manner as to cause no disturbance in 
the suspension, wiped clean, and laid aside. Fifteen 
or twenty seconds before the time for a reading it is 
again slowly and carefully placed in the soil suspension. 
This operation prevents soil particles from accumulating 
on the hydrometer and also prevents the hydrometer 
from reducing the horizontal sectional area of the sus- 
pension through which the soil particles settle. The 
reading is not taken until the hydrometer has come 
to rest. 

6. Sieve analysis——At the conclusion of the final 
reading the suspension is washed on a No. 200 sieve. 
That fraction retained on the No. 200 sieve is dried 
and then analyzed in a nest of sieves consisting of one 
each of the following: Nos. 20, 40, 60, and 140. 


COMPUTATION OF DATA GIVEN BY MECHANICAL ANALYSIS 


The data obtained from the three parts of the test, 
i. e. the separation of coarse material in the preparation 
of the sample, the hydrometer analysis, and the sieve 
analysis—are computed and combined as described 
below and illustrated in Tables 3 and 4. 

|. Hygroscopic moisture.—The hygroscopic moisture 
is expressed as a percentage of the weight of the oven- 
dried soil and is one hundred times the quantity ob- 
tained by dividing the difference between the weight of 
the air-dried and the weight of the oven-dried soil by 
the weight of the oven-dried soil. The method of com- 
putation is illustrated in Table 3. 

To correct the weight of the air-dried sample for 
hygroscopic moisture the given value is multiplied by 
the expression 

100 
100+ per cent of hygroscopic moisture 


This factor, as illustrated in Table 3, equals 


100 sia 
100+2.53 9-9/9 

Thus in Table 4 the weight of air-dried sample, 99.0 
grams, multiplied by 0.975 equals 96.5 grams, the 
Weight of dry soil dispersed. 

2. Coarse material—From the weight of the air- 
dried total test sample (318.3 grams, Table 3) the 
Weight of the oven-dried fraction retained on the No. 10 
Sleve (56.2 grams, Table 3) is subtracted. The differ- 
fnee (262.1 grams, Table 3) is assumed to equal the 
Weight of the air-dried fraction passing the No. 10 
‘eve. According to this assumption, no hygroscopic 
Moisture is contained in the air-dried particles retained 
on the No. 10 sieve, when as a matter of fact a small 
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TABLE 3.—Hygroscopic moisture and coarse material determina- 
tions for sample 4,422X 


HYGROSCOPIC MOISTURE 


Weight of air-dried soil, grams__-_ setts crt d = SOO 
Weight of dish and air-dried soil, grams_-—-—_---- : 41. 37 
Weight of dish and oven-dried soil, grams__ ees 41. 00 
Loss in weight, grams 0. 37 
Weight of oven-dried soil, grams_- a 14. 63 
Hygroscopic moisture, percentage of weight of oven- 

dried soil ahem idee schon ates 2. 63 
Hygroscopic moisture correction factor_----- ene 0. 975 


COARSE MATERIAL 


Weight of total test sample, air-dried, grams_- ---- 318. 3 
Weight of washed and oven-dried fraction retained on 
No. 10 sieve, grams- 56. 2 


Weight of fraction passing No.10 sieve, air-dried, grams. 262. 1 
Weight of fraction passing No. 10 sieve corrected for 


hygroscopic moisture, grams 255. 5 
Weight of total test sample corrected for hygroscopic 
moisture, grams Se ne 311. 7 
Weight of fraction retained on No. 4 sieve, oven-dried, 
grams. 40. 6 
Fraction retained on No. 4 sieve, percentage of corrected 
weight of total test sample- 13. 0 


Fraction retained on No. 10 sieve, percentage of cor- 
rected weight of total test sample_____-__-—_- stan See 


percentage of moisture may be present in this fraction. 
This amount of moisture, compared with that held in the 
pores of the fraction passing the No. 10 sieve, is rela- 
tively small. Therefore any error produced by the 
assumption as stated is considered negligible in amount. 
The weight of the fraction passing the No. 10 sieve is 
corrected for hygroscopic moisture (255.5 grams, 
Table 3). To this value is added the weight of the 
oven-dried fraction retained on the No. 10 sieve to 
obtain the weight of the total test sample corrected for 
hygroscopic moisture (311.7 grams, Table 3). The 
fractions retained on both the No. 4 and the No. 10 
sieve are expressed as percentages of the corrected 
weight of the total test sample (13.0 per cent and 18.0 
per cent, respectively, Table 3). 

3. Percentage of soil in suspension.—For tempera- 
tures of the constant temperature bath other than that 
at which the hydrometer was calibrated, the hydro- 
meter readings are corrected in accordance with tem- 
perature correction factors such as are shown graphic- 
ally as AR in Figure 3, A. <A temperature correction 
curve of this type should be determined experimentally 
for each hydrometer in use. Thus in Table 4 the first 
hydrometer reading, 34, taken at 70° F. becomes 34.4 
when corrected for temperature in accordance with 
Figure 3, A. 

The percentage of the dispersed soil in suspension 
represented by different corrected hydrometer readings 
depends upon both the amount and the specific gravity 
of the soil dispersed. 

If the specific gravity of the soil is 2.65, the hy- 
drometer reading gives the weight of soil remaining in 
suspension in grams per liter of the mixture or suspen- 
sion. The percentage of dispersed soil remaining in 
suspension is given by the expression 


_Rk 


i} 
where P=percentage of originally dispersed soil re- 
maining in suspension. 
R=hydrometer reading. 
W =weight of soil originally dispersed, in grams 
per liter of suspension. 
If, as is the customary procedure, the volume of the 
suspension is 1 liter, the term W may be taken as the 


P -x 100 












=. es 


ee 


Me... 
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total weight of soil originally dispersed, without the 
qualifying phrase, ‘‘per liter of suspension.”’ 

If the specific gravity of the soil is other than 2.65, 
the percentage of originally dispersed soil remaining in 
suspension is given by the expression 


» me, 
P= We 100 


in which a is a constant depending on the density of 
the suspension. The value of a, for a specific gravity G 
and a water density at 67° F. of 0.9984, is given by the 
equation 

2.6500 — 0.9984 - G 

ai 2.6500  “G—0.9984 


Following are values of a for different values of the 


specific gravity: 


Specific Constant, 
gravity, G a 
2.95 0. 94 
2. 85 0, 96 
2. 75 0. 98 
2. 65 1.00 
2. 55 1. 02 
2. 45 1. 05 
2.35 1. 08 


The percentage of the dispersed soil remaining in 
suspension may be obtained from this table by inter- 
polation. It is sufficiently accurate, however, to select 
the constant for the specific gravity closest to that of 
the particular soil tested. Thus, in Table 4, sample 
No. 4,422X has a specific gravity of 2.41, a conse- 
quently the constant, 1.05, “corresponding to a specific 
gravity of 2.45, is used. 

A corrected hydrometer reading of 34.4 in Table 4, 
therefore, indicates a percentage of dispersed soil in 
suspension, 

34.41.05 


P= 06.5x.01 


= 37.4 per cent 

For any hydrometer reading R the percentage of dis- 

persed soil in suspension = R X 1.088. ' 
The percentage of the total test sample, including 


the fraction retained on the No. 10 sieve, is obtained 
by multiplying this result by the expression 


100—per cent retained on the No. 10 sieve 
100 


Thus in Table 4, for a hydrometer reading of 34.4, 
the percentage of the total sample remaining in sus- 
pension is obtained by the computation 


100—18.1 a 
joo 8° 


P, = 37.4 

This computation can be combined with the one 

above, allowing the percentage of the total sample 

remaining in suspension to be computed from the cor- 
rected hydrometer reading R. We have, therefore, 


P,=RX 1.088 X 0.82 =0.892 R 


Thus for a corrected hydrometer reading of 25.! 
Table 4, we obtain the percentage of the total Pores 
in suspension, 

P, =25.9 X 0.892 = 23.1 
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TABLE 4.—WSieve and hydrometer analysis for sample No. : 


Percentage of sample retained on No. 10 sieve 18. 0 
Weight of air-dried sample, grams : . 99.0 
Weight of dry soil dispersed, grams - - - - 96. 5 
Weight of total test sample represented by we ight of dry 

soil, grams by MD 
Specific gravity 2. 41 
Plasticity index : 8. 0 
Flocculation = . None. 


DETERMINATION OF PERCENTAGE OF SOIL IN SUSPENSION 





Date tested rime 


Hydrometer reading Percent- 
age of 


Percent 
age of 


dispersed) total test 


Corrected 


éhouved sample sample 
Original for tem- remaining/remaining 

perature in suspen- in suspen 

(fig.3, A). sion, Psion, P; 

oF 
July 29, 1929 9.41 a.m_. = ‘ : 

Do 9.42 a. m.. 70 34.0 34.4 37.4 30. 7 
Do... 9.43 a. m 70 25.5 25.9 28. 2 23. 1 
Do. .. 9.46 a.m 70 19.0 19.4 21.1 17. 
De. ..< 9.56 a. m 70 15.0 15.4 16.8 13. 7 

10.11 a. m 70 12.0 12.4 13. 5 11 
 - 10.41 a. m 70 10. 5 10.9 11.9 9.7 
Do. 1.51 p. m 70 7.4 8.1 6. ¢ 
July 30, 1929 9.41 a. m 68 3. 0 3.1 3.4 2.8 


DETERMINATION OF SIZE OF SOIL 


PARTICLES IN SUSPENSION 


Original Correction coefficients 


: Period of Grain a Corrected 
— sedimen-| diameter! 7 = oo grain 
a. a tation, T D 7 K1, Ka, Ko, diameter 

lois Fig. 3, B | Fig.3,C Fig.3,D 

Milli- Milli- 

Minutes meters F meters 
34.0 l 0. O78 70 0. 48 1. 08 0. 9S 0. 0308 
25. 5 2 055 70 . 50 1. 08 os O28 
19. 0. ) 035 70 1 1. 08 . 98 O1S9 
15.0 1 020 70 . 52 1. 08 . 98 0110 
2.0 30 014 70 . 53 1, O08 98 . 0079 
10. 5. 60 010 70 . 53 1, 08 . 98 OO5t 
7.0 250 005 70 54 1. OS . 98 QO29 
3.0 1, 440 002 68 5 1. 08 gy QO12 

1 See table 5 
SIEVE ANALYSIS 

Percent- 

Fraction Weight | ictht test 

Sam pie 

Grams 

Passing No. 10, retained on No. 20. - 2. 35 2.0 
Passing No. 20, retained on No, 40_- 2. 59 2.2 

Passing No. 40, retained on No. 60.....- 4.12 3 
Passing No. 60, retained on No. 140._-_- : ae 9. 41 8.0 
Passing No. 140, retained on No. 200.__..---. bac ioe 12. 11 10.3 

4. Diameter of soil particles in suspension.—The 

maximum diameters of the particles in suspension, 


based on Stokes’s law for assumed conditions suggested 
in part by G. J. Bouyoucos, are shown in Table 5. 
(See Soil Science, vol. 26, No. 3, September, 1928, 
p. 234.) 

According to Stokes’s law, 


] = 30nL 
“= 980 (G—G,) T 
In this equation— 
d=maximum grain diameter in millimeters. 
n=coeflicient of viscosity of the suspending 
medium (in this case water) in poses. 
Varies with changes in temperature of the 
suspending medium. : 
L=distance in centimeters through which h soil 
particles settle in a given period of time. 
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FicgurRE 3.—CorREcTION CurRVES ror UsE IN HyDROMETER ANALYSIS 


7'= time in minutes, period of sedimentation. which is less than 
(=specific gravity of soil particles. center of volume of the hydrometer, gives closer agree- 
(7,=specific gravity of the suspending medium. ment to mechanical analysis performed by the pipette 
In this case G, =0.9984, or approximately methods. The assumed distance of fall has been taken 
1.0. as 0.42 of the distance from the surface of the suspension 
to the elevation of the bottom of the hydrometer. 


the distance indicated by the 


TABLE 5.— Marimum grain — suspension under assumed The specific gravities of the soil particles and the 
peiacetins: temperature of the suspension are likely to vary from 
Ce those assumed in the preparation of Table 3. A 
Time Stain di- better approximation to the true diameters of the soil 
sano particles is obtained by applying correction coefficients 

to the values given by Table 5. 
) Minutes Millimeters Curves from which these coefficients may be derived 
: = are given in Figure 3. The correction coefficients for 
" 5 ‘oan elevation of hydrometer (fig. 3, B) are obtained 
7 50 “O14 experimentally for each hydrometer in use. The 
= —_ coefficients for the specific gravity and the viscosity 
1, 440 002 correction (figs. 3, C and 3, D, respectively) are inde- 

pendent of the apparatus used in the test. 

The grain diameters given in Table 5 are computed Multiplication by the coefficient shown in Figure 3, B 
. according to the following assumptions: gives the maximum grain size at the reference elevation 
. L, the distance through which the particle falls, is in the suspension instead of that at a depth of 32.5 
constant and equal to 32.5 centimeters. centimeters. This coefficient varies with the hydrom- 


2.0 n, the coefficient of viscosity, equals 9.0102, that of eter reading and is given by the expression, 
3.5 water at 67° Fu! 
- (7, the specific gravity of the soil particles, is constant K assumed depth of fall in centimeters 
and equal to 2.65. uy 32.5 
As a matter of fact, the hydrometer reading is de- 


The pendent, not on particles distributed throughout a Multiplication by the coefficient shown in Figure 
on, depth of 32.5 centimeters in the suspension, but on 3, C corrects for variation in specific gravity? from that 
ted those existing in that portion of the suspension holding on which the sizes given in Table 5 are based and is 
» 5. the hydrometer. given by the expression 
)28, In order to use Stokes’s law to determine the diameter , 

of the particles it is necessary to know the distance / 1.65 


K G 


through which these particles fall in a given time. 
Since the density throughout a suspension is not uni- 
form and varies with the grading of the material in Multiplication by the coefficient shown in Figure 3, D 
suspension and the time of sedimentation, a fixed corrects for the viscosity of water at temperatures 
istance can not be used. For hydrometers of certain other than 67° F., the temperature of the suspension 
Shapes the depth of the center of volume of the hydrom- assumed in the preparation of Table 5. The viscosity 


V specific gravity of soil particle—1 


jing eter below the surface of the suspension could be taken correction coefficient is given by the expression 

yises. as the distance through which the particles may be - - a 

F the assumed to fall. In the case of the Bouyoucos hydrom- K. =| Viscosity coefficient at given temperature 
eter it has been found by experiment that for the ~* 0.0102 

ool methods of dispersion described in this procedure bs Kore ie ; 

ime. 4 assumed distance which bears a constant ratio to The application of these coefficients is illustrated in 


the depth of the hydrometer in the suspension, but Table 4. After a period of sedimentation of one minute 





‘Smithsonian Physical Tables, seventh revised edition, 1921, p. 155. 2 The specific gravity of the soil should be obtained by the pycnometer method 
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PARTICLE SIZE — MM 
FicurEeE 4.—GRAIN-S1zE ACCUMULATION CURVE FOR Sort SAMPLE 4,422X 


the grain diameter indicated by Table 5 is 0.078 milli- 
meters. The uncorrected hydrometer reading was 34, 
the specific gravity was 2.41, and the temperature of 
the suspension was 70° F. The correction coefficients 
in this case are 0.48, corresponding to a hydrometer 
reading of 34 (fig. 3, B); 1.08, corresponding to a specific 
gravity of 2.41 (fig. 3,C); and 0.98, corresponding to a 
water temperature of 70° F. (fig. 3, D). The corrected 
grain diameter then becomes 


0.078 millimeter X 0.48 < 1.08 X 0.98 = 0.040 millimeter 


5. Sieve analysis—The percentage of the soil sample 
retained on each of the sieves in the sieve analysis is 
obtained by dividing the weight of fraction retained on 
each sieve by the weight of the oven-dried fraction dis- 
persed (117.7 grams, Table 4) and multiplying by 100. 

6. Plotting—The percentages of grains of different 
diameters are plotted to a logarithmic scale to obtain 
“soil grain-diameter accumulation curves.” Figure 
4 shows a curve of this character representing the 
mechanical analysis of soil sample No. 4,422X. 

7. Record.—The results are reported as follows: 

Particles larger than 2 millimeters, per cent. 

Coarse sand, 2.0 millimeters to 0.25 millimeter, per cent. 

Fine sand, 0.25 millimeter to 0.05 millimeter, per cent. 

Silt, 0.05 millimeter to 0.005 millimeter, per cent. 


Clay, smaller than 0.005 millimeter, per cent. 
Colloids, smaller than 0.001 millimeter, per cent. 


DETERMINATION OF LIQUID LIMIT 


1. Definition—The liquid limit of a soil is that 
moisture content, expressed as a percentage of the weight 
of the oven-dried soil, at which the soil will just begin 
to flow when lightly jarred ten times. 

2. Apparatus.—The apparatus consists of the follow- 
ing: 

A porcelain evaporating dish about 414 inches in diameter. 

A flexible spatula having a blade about 3 inches long and 
about 34 inch wide. 

A grooving tool of dimensions shown in Figure 5. 

Rh gory watch glasses which are held together by a suitable 


Nong fit sufficiently tight to prevent loss of moisture during 
wee 


An paniotiel balance sensitive to 0.001 gram. 


3. Sample.—A sample weighing about 30 grams is 
taken from the thoroughly mixed portion of the material 
passing the No. 40 sieve. 


4. Procedure.—The air-dried soil is placed in the 


evaporating dish and thoroughly mixed with water 


until the mass becomes pasty. The mass of soil is 
then shaped into a smooth layer about three-eighths 
inch thick at the center and divided into two portions 
with the grooving tool, as shown in Figure 6, top. 
The dish is held firmly in one hand, with the groove 
parallel to the line of sight, and tapped lightly with a 
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Figure 5.—Groovine Toot Usep 1n Liquip Limit TEST 
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FicgureE 6.—Dr1aGram ILLUSTRATING Liquip Limit TrEst 


horizontal motion against the palm of the other hand 
ten times. If the lower edges of the two soil portions 
do not flow together as shown in Figure 6, bottom, 
after tea blows have been struck, the moisture content 
is below the liquid limit. More water should be added 
and the procedure repeated. If the lower edges meet 
before ten blows have been struck, the moisture content 
is above the liquid limit, and dry soil should be added 
and the procedure repeated. 

When the lower edges of the two portions of the soil 
cake just flow together as shown in Figure 6, bottom, 
after ten blows have been struck, the moisture con- 
tent equals the liquid limit. To determine definitely 
whether the two portions are actually joined, the spat- 
ula is used to push one away from the other. If the 
two portions separate along the original line of division, 
the end point has not been reached, and the procedure is 
repeated with the addition of a small amount of water. 

A small quantity of soil from that portion of the soil 
cake which has flowed is removed and placed in a pair 
of watch glasses. The watch glasses and soil are then 
weighed and the weight recorded as the weight of glass 
and wet soil (37.49 grams in Table 6). The soil in the 
glasses is oven-dried to constant wetght at a tempera- 
ture of 110° C. and weighed. This weight is recorded 
as the weight of glass and dry soil (28.15 grams, Table 
6). The loss in weight due to drying (37.49 grams 
28.15 grams =9.34 grams, Table 6) is recorded as the 
Weight of water. 

5. Caleulation.—The liquid limit is expressed as the 
moisture content in percentage of the weight of the 
oven-dried soil. It is computed from the following 
formula: 

_ weight of water 
~ weight of dry soil 


, a A x 100 


Thus in Table 6 the liquid limit of sample S 5,214 is 


9.34 
x = 692 
15.06 .100 = 62.0 per cent 


DETERMINATION OF PLASTIC LIMIT 


1. Definition —The plastic limit of a soil is the 
Owest moisture content, expressed as a percentage of 
the weight of the oven-dried soil, at which the soil can 
€ rolled into threads one-eighth inch in diameter 
without the threads breaking into pieces. 
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TABLE 6.—Plasticity determinations for sample S 5,214 


LIQUID LIMIT TEST 


Weight of glass and wet soil, grams Pe = ee .. 34. 49 
Weight of glass and dry soil, grams ee ees Lee ! 28. 15 
Weight of glass, grams : es eS es oh Fa 
Weight of water, grams Jace 
Weight of dry soil, grams = 15. 06 
Liquid limit, per cent 5 62. 0 
PLASTIC LIMIT TEST 

Weight of glass and wet soil, grams_ _ - : nn On BO 
Weight of glass and dry soil, grams wae e wae ee Oe 
Weight of glass, grams _ win wee, ee 
Weight of water, grams k : 3. 61 
Weight of dry soil, grams : — 16. 42 
Plastic limit, per cent 2 22. 0 

Plasticity index, per cent oy ee? cane, ow 





FiGurE 7.—RO.uuING oF Soin THREADS iN Puastic Limit TEst 


2. Apparatus.—The apparatus consists of the fol- 
lowing: 


A porcelain evaporating dish about 4% inches in diameter. 

A flexible spatula having a blade about 3 inches long and 
about three-fourths inch wide. 

A glass plate or piece of glazed paper on which to roll the sample. 

Matched watch glasses which are held together by a suitable 


clamp and fit sufficiently tight to prevent loss of moisture during 
weighing. 

An analytical balance sensitive to 0.001 gram. 

3. Sample.—A sample weighing about 15 grams is 
taken from the thoroughly mixed portion of the ma- 
terial passing the No. 40 sieve. 





FicgurE 8.—CrUuMBLED Sort THREADS RESULTING FROM 
Puastic Limit TEstT 


4. Procedure.—The air-dried soil is placed in the 
evaporating dish and mixed with water until the mass 
becomes plastic enough to be easily shaped into a ball. 
The ball of soil is then rolled between the palm ‘of the 
hand and the glass plate or piece of glazed paper with 
just sufficient pressure to form the soil mass into a 
thread. (Fig. 7.) When the diameter of the resulting 
thread becomes one-eighth of an inch the soil is kneaded 
together and again rolled out. This process is contin- 
ued until the crumbling of the soil (as shown in fig. 8) 
prevents the formation of the thread. The portions of 
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the crumbled soil are then gathered together and placed 
in watch glasses. The watch glasses and soil are 
weighed and the weight recorded as the weight of glass 
and wet soil (32.20 grams, Table 6). The soil in the 
glasses is then oven-dried to constant weight at a 
temperature of 110° C. and weighed. This weight is 
recorded as the weight of glass and dry soil (28.59 
grams, Table 6). The loss in weight (32.20 grams — 
28.59 grams =3.61 grams, Table 6) is recorded as the 
weight of water. 

5. Calculations.—The plastic limit is expressed as the 
moisture content in percentage of the weight of the 
oven-dry soil. It is computed from the following 
formula: 





PL= weight of water £100 
weight of dry soil 
Thus in Table 6 the plastic limit of sample S 5,214 
equals 


3.61 | ; 
16.42 x 100 = 22.0 per cent 


DETERMINATION OF PLASTICITY INDEX 


1. Definition.—The plasticity index of a soil is the 
difference between its liquid limit and its plastic limit. 

2. Calculation.—The plasticity index is calculated by 
the formula P. J.= L. L.—P. L. 

Thus in Table 6 the plasticity index of sample S 5,214 
equals 62.0 —22.0=40.0 per cent. 


DETERMINATION OF CENTRIFUGE MOISTURE EQUIVALENT 


1. Definition.—The centrifuge moisture equivalent 
of a soil is the amount of moisture, expressed as a 
percentage of the weight of the oven-dried soil, re- 
tained by a soil which has been first saturated with 
water and then subjected to a force equal to one 
thousand times the force of gravity for one hour. 

2. Apparatus.—The apparatus consists of the follow- 
ing: 

A porcelain Gooch crucible with perforated bottom. The 
crucible is about 1} inches in height and about 1 inch in diameter 


at the top and three-fourths of an inch at the bottom, outside 
dimensions. 

A circular piece of filter paper just large enough to cover the 
inside bottom of the Gooch crucible. 

A Babcock trunnion cup fitted with a brass cap and with a 
rubber stopper with a hole in the center, as shown in Figure 9. 

A centrifuge of such size and so driven that a force equal to 
one thousand times the force of gravity may be exerted on the 
center of gravity of the soil sample. 

An onsliy tient balance sensitive to 0.001 gram. 


3. Sample—A 5-gram sample is taken from the 
thoroughly mixed portion of the material passing the 
No. 40 sieve. 

4. Number of tests——Tests are made in duplicate. 
—— 7 shows the record for the two tests of sample 

5,214. 

5. Procedure——The sample is placed in the Gooch 
crucible, in which has previously been placed a piece 
of wet filter paper which just covers the bottom of the 
crucible. The crucible is placed in a pan of water and 
the sample allowed to take up moisture until com- 
pletely saturated, as indicated by the presence of free 
water on the surface of the sample. It is then placed 
in a humidifier for at least 12 hours to insure uniform 
distribution of moisture throughout the soil mass. All 
free water then remaining on the surface of the sample 
is poured off, and the crucible is placed in a Babcock 
cup fitted with a rubber stopper, as shown in Figure 
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FIGURE 9.—APPARATUS FOR DETERMINING THE CENTRIFUGE 
MotisturRE EQUIVALENT 


10. The hole in the stopper should be large enough to 
receive the water forced from the soil by the centrifuging 
operation. In addition to receiving the ejected water 
the stopper serves also as a cushion for the crucible. 
The sample is centrifuged for a period of one hour at a 
speed which, for the diameter of head used, will exert a 
centrifugal force one thousand times the force of 
gravity upon the center of gravity of the soil sample. 
Immediately after centrifuging, the crucible and con- 
tents are weighed and the weight recorded as the weight 
of crucible and contents after centrifuging (15.74 grams, 
Table 7). The sample is then oven-dried to constant 
weight at a temperature of 110° C. and weighed. This 
weight is recorded as the weight of crucible and con- 
tents after drying (12.82 grams, Table 7). 

6. Water-logging—When free water is observed on 
the top of the sample after the centrifuging operation 
the soi! is said to have water-logged. This water is 
not removed, but is weighed with the sample. 

7. Calculation —The centrifuge moisture equivalent 
of the soil is calculated from the formula, 


, (A—b)—(4,—5:), 
C. M. E. i-Giay 100 
in which 

A =weight of crucible and contents after centri- 

fuging. 

A, = weight of crucible and contents after drying. 

e =weight of crucible. 

6 =weight of filter paper wet. 

b, =weight of filter paper dry. 

Thus in Table 7 the centrifuge moisture equivalent 
of sample S 5,214, as given by the first test, is obtained 
by the computation, 

5 74—0.20) — 2—~()] 
C.M. RE =(15.74 0.20) — (12.82 — 0.10) 


= - ) 
12.82—(7.86+0.10) * !% 


2.82. ( 
= 56% 100 = 58.0 per cent. 





8. Variation —The variation between the two values 
obtained should not exceed 1 per cent for values of the 
moisture equivalent up to 15 and 2 per cent for values 
above 15. 


Vol, 12, No. 8 















n 
n 
is 


nt 


tri- 


lent 
ined 


alues 
f the 
alues 








October, 1931 


PUBLIC 





TABLE 7.—Determination of centrifuge moisture equivalent for 
sample S 5,214 


Weight ! of 


Centri 
‘ : fuge 
‘ ( “i S 
rest No rucible Crucible moisture 
and con- and con equi 
tents afte : ~ Crucible be acl 
. {ter tents ifter “FU le lent 
centri- drving 
fuging ee 
Grams Grams Grams Per cent 
1 = . ; 15. 74 12. 82 7.86 258.0 
16. 03 13. 00 


2 &. O02 2 60.0 
Average 5 


1 Weight of filter paper: Wet, 6 
? Water-logged. 


0.20 gram; dry, b;=0.10 gram 


DETERMINATION OF FIELD MOISTURE EQUIVALENT 


1. Definition —The field moisture equivalent of a 
soil is defined as the minimum moisture content, 
expressed as a percentage of the weight of the oven- 
dried soil, at which a drop of water placed on a smoothed 
surface of the soil will not immediately be absorbed by 
the soil but will spread out over the surface and give 
it a shiny appearance. 

2. Apparatus.—The apparatus consists of the follow- 
Ing: 

A porcelain evaporating dish about 4% inches in diameter. 

A flexible spatula having a blade about 3 inches long 
about three-fourths inch wide. 

A pipette, burette, or similar device for adding water drop- 
wise. 

Matched watch glasses, held together by a suitable clamp and 
fitting sufficiently tight to prevent moisture during 
weighing. 

An analytical balance sensitive to 0.001 gram. 


and 


k SS of 


3. Sample-—A sample weighing about 50 grams is 
taken from the thoroughly mixed portion of the mate- 
rial passing the No. 40 sieve. 

1. Procedure.—The air-dried sample is placed in the 
evaporating dish and mixed with water. Water is 
added in small amounts and the sample is thoroughly 
mixed after each addition of water. When the wetted 
soil forms into balls under manipulation the sample is 
smoothed off with a light stroke of the spatula and a 
drop of water is placed on the smoothed surface. If 
the water immediateiy disappears a few more drops of 
water are added, and the procedure is repeated until 
the water does not immediately disappear but spreads 
over the smoothed surface and leaves a shiny appear- 
ance. A small portion of the soil on which the last 
drop was placed is then removed and placed between 
two watch glasses. The weight of the watch glasses 
and wet soil is determined and recorded (32.08 grams, 
Table 8). The sample is then oven-dried to constant 
weight at a temperature of 110° C. and weighed. 
This weight is recorded as the weight of glass and dry 
soil (26.29 grams, Table 8). The difference in weight 
(32.08 grams—26.29 grams=5.79 grams, Table 8) is 
recorded as the weight of water. 

5. Caleulations.—The results obtained in the deter- 
mination of the field moisture equivalent of sample 

5 5.214 are given in Table 8. The field moisture 
equivalent is computed by means of the formula 
EME weight of water 


= —- : =~ xX 100 
weight of oven-dried soil 





Thus in Table 8 the field moisture equivalent of 
sample S 5,214 equals 
5.79 
14.12 
76692—31——-2 





<x 100 = 41.0 per cent. 
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TABLE 8.—Determination of field moisture equivalent of sample 

S 6,214 
Weight of glass and wet soil, grams 
Weight of glass and dry soil, grams 


nor eoeate st ee 
De TES cee 26. 29 


Weight of glass, grams : eee = oe 
Weight of water, grams ee ‘ Jos eae 
Weight of dry soil, grams___ pias 5 in at an Oe 
Field moisture equivalent, per cent ee 41.0 


SHRINKAGE DETERMINATION 


1. Scope.—This procedure furnishes the data froin 
which the following subgrade soil constants may be 
computed: (a) Shrinkage limit, (6) shrinkage ratio, 
(c) volumetric change, (d) lineal shrinkage, and (e) 
specific gravity (approximate). Shrinkage determina- 
tions made on sample S 5,214 are recorded in Table 9. 

2. Apparatus.—The apparatus consists of the follow- 
ing: 
about 4% inches in diameter. 
blade about 3 inches long and 


A porcelain evaporating dish 

A flexible spatula having a 
about three-fourths inch wide 

A circular porcelain milk dish having a flat bottom and being 
about 134 inches in diameter by about one-half inch high. 

A steel straightedge about 12 inches long. 

A glass cup about 2 inches in diameter and about 1 inch high, 
the top rim of which is ground smooth and level. 

A glass plate with three metal prongs for immersing the soil 
pat in mercury, as shown in Figure 10. 

A glass graduate having a capacity of 25 cubic centimeters 
and graduated to 0.2 cubic centimeter. 

An analytical balance sensitive to 0.001 gram. 

Sufficient mercury to fill the glass cup to overflowing. 

3. Sample.—A sample weighing about 30 grams is 
taken from the thoroughly mixed portion of the ma- 
terial passing the No. 40 sieve. 

4. Procedure.—The sample is placed in the evaporat- 
ing dish and thoroughly mixed with water in amount 
sufficient to fill the soil voids completely and to make 
the soil pasty enough to be readily worked into the 
porcelain milk dish without the inclusion of air bubbles. 
The amount of water required to furnish friable soils 
with the desired consistency is equal to or slightly 
greater than the liquid limit, and the amount necessary 
to furnish plastic soils with the desired consistency 
may exceed the liquid limit by as much as 10 per cent. 
The inside of the porcelain milk dish is coated with a 
thin layer of vaseline or some other heavy grease to 
prevent the adhesion of the soil to the dish. 

An amount of the wetted soil equal to about one- 
third the volume of the milk dish is placed in the center 
of the dish, and the soil is caused to flow to the edges 
by tapping the dish on a firm surface cushioned by 
several layers of blotting paper or similar material: An 
amount of soil is added approximately equal to the first 
portion, and the dish is tapped until the soil is thor- 
oughly compacted and all included air is brought to 
the surface. More soil is added and the tapping is 
continued until the dish is completely filled and excess 
soil stands out about its edge. The excess soil is then 
struck off with a straightedge, and all soil adhering to 
the outside of the dish is wiped off. 

The dish when filled and struck off is weighed im- 
mediately and the weight recorded as the weight of 
dish and wet soil (29.34 grams, Table 9). The soil 
pat is allowed to dry in air until the color of the pat 
turns from dark to light. It is then oven-dried to 
constant weight at 110° C. and the weight recorded as 
the weight of dish and dry soil (22.61 grams, Table 
9). The weight of the empty dish (11.52 grams, 
Table 9) is determined and recorded. The capacity 
of the dish in cubic centimeters, which is also the 
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FicgurRE 10.—APpPARATUS FOR DETERMINING THE VOLUMETRIC CHANGE 


volume of the wet soil pat, is determined by filling the 
dish to overflowing with mercury, removing the excess 
by pressing a glass plate firmly over the top of the dish, 
and measuring the volume of mercury held in the dish 
in the glass graduate. This volume is recorded as 
the volume of the wet soil pat, V (10.99 cubic centi- 
meters, Table 9). 

The volume of the dry soil pat is determined by 
removing the pat from the porcelain milk dish and 
immersing it in the glass cup full of mercury in the 
following manner: The glass cup is filled to overflow- 
ing with mercury and the excess mercury is removed 
by pressing the glass plate with the three prongs 
(fig. 10) firmly over the top of the cup. Any mercury 
which may be adhering to the outside of the cup is 
carefully wiped off. The cup, filled with mercury, is 
placed in the evaporating dish, and the soil pat is 
placed on the surface of the mercury. It is then 
carefully forced under the mercury by means of the 
glass plate with the three prongs (fig. 10) and the plate 
is pressed firmly over the top of the cup. It is es- 
sential that no air be trapped under the soil pat. 
The volume of the mercury so displaced is measured 
in the glass graduate and recorded as the volume of 
the dry soil pat, V, (5.60 cubic centimeters, Table 9). 

5. Computations.—The weight of the milk dish is 
subtracted from the weight of dish and wet pat to 
give the weight of the wet soil pat, W. The weight 
of the milk dish subtracted from the weight of dish 
and dry pat gives the weight of the dry soil pat, W, 
The moisture content w of the soil at the time it was 
put in the dish, expressed as a percentage of the dry 
weight of the soil, is computed from the formula 

w= W— We 100 
W, 
Thus in Table 9 


W = 29.34 — 11.52 = 17.82 grams, 


W? = 22.61 — 11.52 =11.09 grams, 
and 
_ 17.82—11.09 
of 11.09 





x 100 = 60.7 per cent. 


CALCULATION OF SHRINKAGE LIMIT 


1. Definition.—The shrinkage limit of a soil is that 
moisture content, expressed as a percentage of the 
weight of the oven-dried soil, at which a reduction in 
moisture content will not cause a decrease in the volume 
of the soil mass, but at which an increase in moisture 
content will cause an increase in the volume of the soil 
mass. 

2. Computations.—The shrinkage limit, S,is calculated 
from the data obtained in the volumetric shrinkage 
determination by the following formula: ® 


S=w (We 100 ) 


Thus in Table 9 the shrinkage limit of sample 5 5,214 
equals 
10.99 — 5.60 
’ _ ° ») rr Ce 
ni~(— a 100 )=12.1 per cent 
3. Optional method—When both the true specific 
gravity, G, and the shrinkage ratio, R, are known, the 
shrinkage limit may be calculated from the formula: 


S (ip 7) <100 


Thus in Table 9, if G and R were known first, the 
shrinkage limit of sample S 5,214 could be computed as 
follows: 


l l 
x 2 ——e 
vas san)? 100 = 12.1 per cent 


CALCULATION OF SHRINKAGE RATIO 


1. Definition—The shrinkage ratio of a soil is the 
ratio between a given volume change, expressed as 8 
percentage of the dry volume, and the corresponding 
change in moisture content above the shrinkage limit, 
expressed as a percentage of the weight of the ovel- 
dried soil. It equals the apparent specific gravity 0! 
the dried soil pat. 


3 See PUBLIC Roaps, July, 1931, p. 125. 
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2. Computations —The shrinkage ratio, R, is calcu- 
lated from the data obtained in the volumetric shrink- 
age determination by the following formula: * 


Thus in Table 9 the shrinkage ratio of sample S 5,214 
equals 

11.09 

5.60 


_— 
= 


CALCULATION OF VOLUMETRIC CHANGE 


1. Definition.—The volumetric change of a soil for a 
given moisture content is the volume change, expressed 
as a percentage of the dry volume, suffered by the soil 
mass when the moisture content is reduced from the 
stipulated percentage to the shrinkage limit. This 
stipulated moisture content is usually taken as the 
field moisture equivalent. 

2. Computation.—The volumetric change, V. C., is 
calculated from the data obtained in the volumetric 
shrinkage determination by the following formula: 

V. C.=(w,-S)R 
where w, is the given moisture content. 

If, as is customary, the volumetric change from the 
field moisture equivalent is desired, the formula assumes 
the form, 


(,=volumetric change from field moisture equivalent * 
(F. M. E. —S)R. 


Thus in Table 9 the volumetric change of sample 

S 5,214, when mixed with an amount of water equal to 
the field moisture equivalent (see Table 8) equals 
41.0 — 12.1) X 1.98 = 57.2 per cent. 


CALCULATION OF LINEAL SHRINKAGE 


1. Definition.—The lineal shrinkage of a soil for a 
given moisture content is the decrease in one dimension, 
expressed as a percentage of the original dimension, 
suffered by the soil mass when the moisture content 
is reduced from an amount equal to the field moisture 
equivalent to the shrinkage limit. 

- Com putation.- The lineal shrinkage, iE Oa B 
obtained either by means of the formula ‘ 


L. S.=100 (: Vo mat 
or 


or by means of the curve shown in Figure 11, which repre- 
sents this relation. Thus in Table 9 the lineal shrinkage 


*See Pusic Roaps, July, 1931, p. 125. 
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TABLE 9.— Volumetric shrinkage determination for sample S 5,214 
Weight of dish and wet soil, grams____-_-_- ae a= 20 OF 
Weight of dish and dry soil, grams -. oa 61 
Weight of dish, grams he Pec) usa oe 
W, weight of wet soil pat, grams sd ete 17. 82 
W,, weight of dry soil pat, grams Cae cuisine 
w, moisture content of wet soil pat, per cent_____.____- 60. 7 


V, volume of dish, volume of wet soil pat, cubie centi- 
meters 10. 99 


V,, volume of dry soil pat, cubic centimeters_ 5. 60 
S, shrinkage limit, per cent Sa Peat 12. 1 
R, shrinkage ratio . : : 1. 98 
Cy, volumetric change from field moisture equivalent, 

per cent cpiebat os Ae 
L. S., lineal shrinkage, per cent J ; .. 4&9 
G, specific gravity (approximate na -- «OO 


20, ; 7 a 


iS} 
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LINEAL SHRINKAGE 


FIGURE 11 AND 


of sample S 5,214, as obtained from the formula, is 


14.0 per cent. 
APPROXIMATE CALCULATION OF SPECIFIC GRAVITY 

1. Definition.—The specific gravity of a soil is the 
weight of the oven-dried soil divided by the true volume 
of the soil particles. 

2. Computations.—The specific gravity, G, is caleu- 
lated from the data obtained in the volumetric shrinkage 
test by the following formula:* 


1 
l S 
R 100 


G 


Thus in Table 9 the approximate specific gravity of 
sample S 5,214 is obtained by the computation 
l 1 
G = =2.60 
T1421 ~0.384 7° 
1.98 100 


4 See Pusuic Roaps, July, 1931, pp. 130 and 131 
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GRAPHICAL SOLUTION OF THE DATA FURNISHED BY 
THE HYDROMETER METHOD OF ANALYSIS 


Reported by E. A. WILLIS, Assistant Highway Engineer, F. A. ROBESON, Junior Highway Engineer 
States Bureau of Public Roads 


HE HYDROMETER method of mechanical 

analysis described previously in this issue of 

Pusiic Roaps includes the following two sepa- 
rate operations: (a) The determination of the percent- 
age of dispersed soil particles remaining in suspension 
at a given time, as indicated by particular hydrometer 
readings, and (b) the determination of the maximum 
size of soil particles in suspension corresponding to the 
percentages represented by particular hydrometer read- 
ings. The percentage of particles in suspension is 
determined by the hydrometer reading corrected for 
the conditions under which the test is performed. 
The maximum grain size at the time of any particular 
hydrometer reading is computed by means of Stokes’s 
law. The method of obtaining the data is described 
in the preceding article (pp. 197 to 207 of this issue), 
Procedures for Testing Soils for the Determination of 
the Subgrade Soil Constants. 


PERCENTAGE DETERMINATION 


The Bouyoucos hydrometer, like any other, depends 
upon the density of the suspending medium for its 
buoyancy. It is calibrated in grams of soil per liter 
of suspension for assumed conditions of temperature of 
suspension and specific gravity of soil grains. Conse- 
quently, the actual number of grams per liter for any 
particular case is given directly by the hydrometer 
reading only if the conditions are identical with those 
for which the hydrometer was calibrated. For any 
other conditions suitable corrections must be made. 
For example, the hydrometer referred to in this dis- 
cussion has been calibrated for a suspension temperature 
of 67° F. and a specific gravity of soil particles of 2.65. 
For temperatures other than 67° F. and specific grav- 
ities other than 2.65, the weight of soil remaining in 
suspension, in grams per liter of suspension, can be 
obtained by adding a temperature correction to the 
hydrometer reading and multiplying the sum by a 
specific gravity correction. The weight thus obtained 
is expressed as a percentage of the weight of soil 
originally dispersed. Both weights are given in grams 
of soil per liter of suspension, but, since the volume of 
the suspension is ordinarily one liter, the qualifying 
phrase, ‘per liter of suspension,”’ is omitted for con- 
venience in the discussion which follows. 

When the temperature of the suspension, the specific 
gravity of the soil particles, and the weight of soil 
originally dispersed are known, the percentage of soil 
remaining in suspension for a given hydrometer reading 
may be determined graphically by the use of a chart 
laid out on cross-section paper, as illustrated in Figure 
1. On this chart ordinates denote hydrometer readings 
and abscissas denote percentages of soil in suspension. 
Since the hydrometer is calibrated to give a correct 
reading in grams per liter when the temperature is 
67° F. and the specific gravity is 2.65, these values are 
used as the base, or standard, to which the graphical 
corrections are referred. The value 50 grams was 
chosen as the basic value for the weight of soil originally 
dispersed. The relation between hydrometer reading 
and percentage of soil in suspension established by 
these three standard values is shown as a broken line 
in Figure 1. 
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, and C. M. JOHNSTON, Junior Civil Engineer, United 


The equation relating the hydrometer reading to the 
percentage of soil in suspension may be expressed as 
follows: 

Let 

R=hydrometer reading. 


W’= weight of soil originally dispersed per liter of 


suspension. 
w=weight of soil in suspension per liter of sus- 
pension. 
AR =correction to hydrometer reading for varia- 
tion in temperature from 67° F, 
a=correction coeflicient for variation in specific 
gravity from 2.65. 
2.6500 — 0.9984 G 
2.6500 G—0.9984? 
specific gravity of the soil.! 
percentage of originally dispersed soil re- 
maining in suspension. 
For the standard values of temperature and specific 
gravity (67° F. and 2.65), 


where G is the 


For other values, 
w (R+AR)a 
The percentage of soil in suspension is given by the 
equation 


(R- . 
P i — a £100 : | 
This equation may be written 
l 
P=(R+AR) xX Xx 100_-__-. | 


Mi 
For the basic or standard conditions we have 
AR=0, a 1wW 50, 
so that the basic relation is given by the equation 
R 
P=~.,x100=2R 
o0 

The manner in which the chart is constructed and 
the method of applying the various corrections are 
explained in the following paragraphs. 

Temperature correction.—In Table 1 are given the 
values of the correction, AR, for variations in tempera- 
ture from 67° F., obtained experimentally for the 
hydrometer used as an example in this discussion 
If in equation (1) we put P=0 we have 

R=-—AR 

It follows, therefore, that if the line represented by 
equation (1) should be plotted on the chart (fig. 1) its 
intercept on the axis of ordinates would be the point 0, 
—AR. In the lower left-hand corner of Figure 1 values 
of AR taken from Table 1 are laid off as ordinates 
corresponding to values of the temperature from 60° 
to 90° F. A zero ordinate corresponds to a tempera- 
ture of 67° F. and positive values of AR are plotted 
downward. By means of this scale the intercept, — 44, 
for any given temperature of suspension, is readily 
obtained. 


It will be noted in equation (1) that the slope of the 


. , a ‘ =e " 
line is given by the expression WV 100. It is evident 
1 See preceding article, Procedures for Testing Soils for the Determinat of the 


Subgrade Soil Constants, p. 200 of this issue. 
I 
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PERCENTAGE OF SOIL IN 


FOR CONVERTING HYDROMETER 


CHART 


FIGURE 1. 


READINGS TO 


SUSPENSION, P 


PERCENTAGES OF ORIGINALLY DISPERSED Soin REMAINING 


IN SUSPENSION 


TABLE 1.—Temperature corrections to be added to the hydrometer 
readings 
Suspen- «. 
sion tem- : = 
perature * 
Grams per 
Degrees F. liter 
60 —0.S 
65 —0.3 
67 0.0 
70 +0. 4 
75 +1.2 
SU +2. 2 
85 +3.2 
90 +4.3 
. 
- that variations in the relation between P and R caused 
:, by variations in the specific gravity and the weight of 
e soil dispersed are cared for by changes in the slope of 
. the line. 


Correction for specific gravity—Assuming the basic 
values, AR=0, W=50, we have, from equation (1) 


Ra 
Dy P= = x 100 =2Ra 
ts aie 
r Setting P= 100, we have : 
1es et (2) 
tes a 


Equation (2) gives the value of the hydrometer 
a reading at 100 per cent suspension for any given value 
of specific gravity as indicated by the value of a. 


NR In 
a , 50 

hily Table 2 are given values of the quantity and also of 
10 : 50 : : 

the the quantity —50, the correction which must be 
ent added to or subtracted from the basic value 50 to 


- obtain the correct reading for 100 per cent suspension. 
In the upper right-hand corner of Figure 1, values of 


the quantity R= * are laid off as ordinates correspond- 








? : 5O 50 
if alues of} specific gravity constant, a, -, and - 
7 L a 


TABLE 2.- 50 


for different va of the specific gravity 


Specif Hydrom- 

gravity SI f 50) eter cor- 

of gI rection for 

particles, s 3 reading 
G f 50 


Grams per 


er lit liter 
2 204 44. —5 
2.3 OR3¢ 46, —3.9 
2. 4 051 47 —2.5 
2 024 48. 8 —1.2 
2. ¢ 1. 0000 50. 0 0.0 
2.7 ). 9785 51.1 1.1 
2.8 0. 9593 52. 1 2.1 
2.95 0. 9421 3.1 +3.1 
3. 25 0. 8996 6 +5. 6 
3. 50 0. 8720 7.3 7.3 
3. 75 Q. 8494 58. 9 8.9 
4.00 0. S306 60. 2 +10, 2 
4. 50 0. 8009 62. 4 +12.4 
5 00 0. 7787 42 +14. 2 


ing to values of the specific gravity from 2.25 to 5.00. 
Thus, for a specific gravity of 2.65 the ordinate is 50; 
for a value of 5.00 the ordinate is 64.2, ete. When the 
weight of soil dispersed is 50 grams the slope of the line 
represented by equation (1) is obtained by drawing a 
line through the origin intersecting the abscissa P = 100 
at the value of R corresponding to the given specific 
gravity. 

Correction for weight of soil dispersed..—Assuming the 
basic values, temperature =67° F. and specific gravity 


of soil = 2.65; 1.e., AR=0, a@=1, we have, in equation (1) 
P= > < 100 
Setting R=50, we have 
) _ 5,000 PEE: SABRE 2 TS (3) 
ij WV 


Equation (3) gives the percentage of soil in suspen- 
sion for a hydrometer reading of_50 and a weight of dis- 


PE 


oes 
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, , ,000 ' 
persed soil, W. Values of the quantity : a are given 


in Table 3 for values of W between 40 and 55 grams 
and between 90 and 105 grams. The lower interval is 
for use in the hydrometer analysis of silt and clay soils, 
the higher interval for use in the case of sandy soils. 


., 5,000 , ’ 
Values of the quantity W are plotted as abscissas, in 


the upper right-hand portion of Figure 1, for indicated 
values of the weight of soil dispersed, W. Thus, as in 
Table 3, 50 grams of soil dispersed corresponds with 
100 per cent of soil in suspension, 100 grams corresponds 
with 50 per cent, etc. When the specific gravity of the 
soil is 2.65, the slope of the line represented by equation 
(1) is obtained by drawing a line through the origin 
intersecting the ordinate R—=50 at the value of P corre- 
sponding to the given value of W. 





; 5,000 ~~ 
TABLE 3.—Values of the quantity a » giving the percentage of 


particles in suspension indicated by a hydrometer reading of 50 
for diffe rent weights of dry soil originally — (Spectfic 
gravity= 2.65; temperature of suspension=67° F 











' ! 
Weight of | Percentage || Weight of | Percentage 
dry soil in suspen- || dry soil in suspen- | 
dispersed, | sion, P, for || dispersed, | sion, P, for | 
7,per |hydrometer || W, per | hydrometer | 
liter of reading || literof | reading 
suspension of 50 suspension of 50 | 
ee 2 LS Sakae eae 
| | | 
Grams || Grams | 
40. 0 125.0 || 90.0 55. 6 
41.0 122.0 || 91.0 54.9 
42.0 119.1 || 920 | 543 
43.0 116.3 |} 930 | 538 | 
44.0 113. 7 \ 94.0 53. 2 | 
45.0 111.1 || = 95.0 52.6 
46.0 108. 7 96.0 §2.1 
7.0 106. 4 | 97.0 51.5 
48.0 104. 2 98. 0 51.0 
49.0 102.0 99.0 50. 5 
50.0 100. 0 | 100. 0 | 50. 0 
61.0 98. 0 i] 101.0 49.5 
620 | 2 |} 1020 | 490 | 
53.0 | 94.3 | 103.0 | 485 | 
54.0 } 92. 6 104 0 } 48.1 | 
55.0 | 90.9 | 105.0 | 47.6 | 
| | 


For given values of temperature of suspension, spe- 
cific gravity of soil, and weight of soil originally dis- 
persed per liter of suspension, the line represented by 
equation (1), giving the relation between hydrometer 
reading and percentage of soil in suspension, is laid out 
on the chart of Figure 1 by the following process: 

1. A straightedge is placed on the chart so as to 
intersect the origin and a point whose abscissa corre- 
sponds with the given weight of soil dispersed and whose 
ordinate corresponds with the given specific gravity, as 
indicated by the scales shown in the upper right-hand 
corner of Figure 1. 

2. The straightedge is then moved parallel to its 
original position until it intersects the axis of ordinates 
at a point corresponding to the given temperature of 
suspension, as indicated by the temperature scale in 
the lower left-hand corner of Figure 1. A line is then 
drawn which represents the required relation between 
P and R. 

To illustrate this operation, let us assume that 46.0 
grams of soil having a specific gravity of 2.85 were 
dispersed and that the temperature of the suspension 
remained constant at 75° F. Line 1 in Figure 1, inter- 
secting the origin and a point whose coordinates corre- 
spond with 46.0 grams of soil dispersed and a specific 
gravity of 2.85, represents the first position of the 
straightedge. Line 2, which intersects the axis of 
ordinates at a point corresponding to 75° F., gives the 
desired relation between P and R. 





Values given by line 2 may be checked by computa- 
tions based on equation (1). From Tables 1 and 2 we 
obtain the values, AR= + 1.2 and a=0.9593. 

Substituting in equation (1), we have 


0.959; 
P=(R+1.2) ae 100 


= (R+1.2) 2.086 


If P=0, R=-1.2. If R=32.0, P=69.3 These 
values will be found to check with those given by line 2. 


DETERMINATION OF GRAIN SIZE 


The second distinct operation in the graphical solu- 
tion of the data furnished by the hydrometer analysis 
consists of determining the maximum grain size in 
suspension at any given time from Stokes’s law, which 
is expressed by the formula 


] 30nL 1) 
"Vea 
Where 
d=maximum grain diameter in millimeters. 
n=coefficient of viscosity of the suspending 
medium, in poises. 
L=distance in centimeters through which soil 
particles settle. 
7'=time in minutes, period of sedimentation. 
G=specific gravity of soil particles. 
G,=specific gravity of the suspending medium. 


In order that Stokes’s law may serve to disclose the 
diameter of the soil particles it is necessary to know the 
distance through which these particles fall in a given 
time. As has been explained previously in the report, 
Procedures for Testing Soils for the Determination o! 
the Subgrade Soil Constants, the distance, L, through 
which the soil particles are assumed to settle, in the 
determination of the grain size by means of the Bou- 
youcos hydrometer, equals 0.42 of the total distance be- 
tween the surface of the suspension and the elevation 
of the bottom of the hydrometer. 

When the hydrometer reading, the temperature of 
the suspension, the period of sedimentation, and the 
specific gravity of the soil particles are known, the 
particle diameter may be determined graphically by 
the use of a chart constructed as shown in Figure 2. 
The chart is plotted on semilogarithmic cross-section 
paper, on which the ordinates denote hydrometer read- 
ing and the abscissas denote period of sedimentation. 

In the preceding article (p. 201 of this issue) v: aria- 
tions in L, n, and G@ (equation 4) were cared for by 
means of correction coefficients applied to values of d 
computed on the basis of the standard conditions, tem- 
perature =67° F., G=2.65, and L=$2.5 centimeters. 
The graphical method here described does not involve the 
use of the standard value, L=32.5 centimeters. V: — 
of L as deiermined by ac ‘tual measurements of the hy- 
drometer in use are substituted in the equation, and 
recourse to a correction factor is eliminated. The man- 
ner in which variations of Z, n, and G are cared for 1s 
described in the following paragraphs. 

Variations in the factor L.—Solving equation (4 
(Stokes’s law) for 7, the period of sedimentation, we 
have 


T= a 6 


Values of 7 as a function of . the distance through 
which the soil settles, and d, the maximum diameter 0 
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soil particle remaining in suspension, are given in Table 
4. The values of L to be used were determined b: 
measurement for hydrometer readings from 0 to 60. 
The following quantities were assumed to be constant: 


n=0.0102, the coefficient of viscosity of water 
at 67° F. 

G=2.65. 

G, = 0.9984, the density of water at 67° F. 

The significance of Table 4 may be made clear by 
consideration of specific values. Thus, if the hydrom- 
eter reading, after a sedimentation period of 0.269 
minutes, has the value 30, the maximum diameter of 
soil particles remaining in suspension is 0.074 milli- 
Meters. If, on the other hand, it takes 30 minutes for 
the hydrometer reading to reach the value 30, the 
maximum diameter of soil particles is 0.007 millimeters. 
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PERIOD OF SEDIMENTATION, 7 ri i N 
FiGuRE 2.—CHART FOR OBTAINING FROM TEsT DATA THE HYDROMETER READINGS CORRESPONDING TO SpEciFic GRAIN SIZES 
TABLE 4.—Time of sedimentation as a function of grain diameter, d, and hydromete qg, FR Specific gravity =2.65; tem- 
perature of SUS PENSION 67 F 
Time, T, it ites for fol 
Hy- 
drom- 
oe | . 0.105 0.074 0.050 0.020 0.010 0.009 0.008 0.007 0.006 0.01 0.004 0.003 0.002 0.001 
ar R milli milli milli- milli- milli- milli- milli- milli- milli- mill mill milli- milli- milli- 
8, & meters meters meters meters meters meters leters meters meters meters meters meters meters meters 
Grams Centi- 
perliter meters 
0 10. 00 0.171 0. 345 0.756 4.73 18.9 23.3 29. 5 38. 6 §2. 5 7 118 210 473 1, 891 
10 9. 25 159 319 700 4.37 17. § 21. € 27.3 35. 7 48. ¢ 7{ 09. 0 194 437 1, 749 
20 8.47 145 292 641 4. 00 16.0 19.8 25. 0 32.7 44.5 64 100 178 400 1, 601 
30 7.78 133 269 SSS 3. 68 14.7 18. 2 23. 0 30. 0 40.9 58. 8 11.9 163 368 1,471 
40 7. 07 121 244 . 535 3. 34 13.4 16.5 0. 9 27.3 l Ss 149 334 1, 337 
50 6. 37 109 220 482 3. O1 2.0 14.9 18.8 24 33 $8 134 301 1, 204 
60 5.75 . 099 . 199 435 2.72 10.9 13.4 17.0 22. 2 ( 43 7 2 272 1, O87 


The values given in Table 4 are plotted in Figure 2 
as curves showing the relation between hydrometer 
reading and period of sedimentation for different values 
of d, the maximum grain size. The relation between 
hydrometer reading and maximum grain size for a 
hydrometer analysis in which the temperature of sus- 
pension was 67° F. and the specific gravity of the soil 
was 2.65 may be obtained by plotting hydrometer 
readings against periods of sedimentation, as given by 
the analysis, on the chart of Figure 2. Intersections 
of the curve so determined with the grain-diameter 
curves give the hydrometer readings corresponding to 
specific values of maximum diameter of soil in sus- 
pension. 

Variations in temperature and specific gravity.—Equa- 
tion (5) may be written 

T- 30L - eee 
“9800?” “ G@—G,---- 
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For a temperature of 67° F. and a specific gravity of 
2.65, we have 


30L \ 
= 4 9M 
To= goa? *0-0102* 5 500 — 0.9984 
so that 
Tn . 1.6516 
T, 0.0102° G—G;, 
Let 
— n 
Cn 0.0102 
and 
co, 1.6516 
4-64, 
1.65 , 
“Gj (approximately). 
Then 
‘ = T,X C,X Co, 
and 


Log T=Log T,+log C,+log Cg_-_-__- (6) 


The grain-diameter curves plotted in Figure 2 give 
correct values of 7, the period of sedimentation, for 
the standard conditions, temperature=67° F. and 
G=2.65. To obtain correct values for other tempera- 
tures and specific gravities, it is necessary to multiply 
all values of JT by the factor C,* Cg. Since the scale 
of T is logarithmic, it is evident that the correction can 
be applied by displacing the entire system of curves 
horizontally a distance equal to the algebraic sum of 
the corrections, log C,+log Cg. If this sum is positive, 
+ “A should be shifted to the right; if negative, to 
the leit. 


Values of the viscosity coefficient of water, n, the 
, : n , 
temperature correction Cr=6 0102’ and logy C, are 


given in Table 5 for temperatures varying from 60° to 
90° F. Values of C, are plotted against temperature 
of suspension in the upper left-hand corner of Figure 2 
to the same logarithmic scale as that to which the period 
of sedimentation is plotted on the main chart. The 
reference line (temperature=67° F., C,=1.00, log 
C,=0) may be taken at any convenient point. Dis- 
tances along this correction scale may be laid off 
directly from the logarithmic scale by the use of divi- 
ders. For construction purposes the actual lengths 
may be computed accurately by multiplying each value 
of log C, by the length of one cycle on the chosen 
logarithmic scale. 


TABLE 5.— Values of the viscosity coefficient,' n, of water at various 





. n : 
temperatures, of the coefficient Cr=p 0102” and of log Cp. 
—- ® Cc —=— LoguwC. 

“2. Poises 

60 0. 0112 1.10 0. 04139 

65 . 0105 1. 03 0. 01284 

67 . 0102 1. 00 0. 00000 

70 . 00978 0. 959 —0. 01818 

75 . 00917 0. 899 —0. 04624 

80 - 00861 0. 844 —0. 07366 

85 | . 00810 0. 794 —0. 10018 


90 | - 00764 0. 749 —0, 12552 
! Smithsonian Physical Tables, seventh revised edition, 1921. ; 
Similarly, values of Cg and log jQg are given in Table 
6 for specific gravities varying from 2.25 to 5.00, and a 
logarithmic scale of these corrections is shown above 
the temperature correction scale in Figure 2. 
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As stated above, the grain-diameter curves may be 
corrected for given values of temperature and specific 
gravity by horizontal displacement in the direction 
indicated by the sign of the correction. To plot a point 
representing a given hydrometer reading and a given 
period of sedimentation, it is necessary to apply the 
correction in the opposite direction, i. e., positive to the 
left. The relative position of the point with respect to 
the curves is then the same as if the curves had been 
shifted to the right (or to the left, in the case of a nega- 
tive correction). 

1.85 
G—1’ 
and of log Ce, for values of the specific gravity, G, from 2.25 to 5.00 


TABLE 6.— Values of the specific gravity correction, C@ 


Specific Coefficient, . 
mney. G Ce LogwCo 
2.2 1. 320 0. 1206 
2. 35 1. 222 0. OS72 
2. 45 1. 138 0. 0561 
2. 55 1. 064 0. 0272 
2. 65 1. 000 0. 0000 
2.7 0. 943 —0. 0256 
2. 85 0. 8¥2 —0, 0497 
2. 95 0. 846 0. 0726 
3. 25 0. 733 —(, 1347 
3. 50 0. 660 0. 1805 
3. 75 0. 600 0, 2218 
4,00 0. 550 0, 2596 
4.50 0. 471 0. 3266 
5.00 0. 412 —0, 3846 


METHOD OF USING CHARTS DESCRIBED 


In Table 7 are given the data obtained in the hydro- 
meter analysis of a soil sample. The following para- 
graphs describe the steps involved in using the charts 
of Figures 1 and 2 to develop from this material the 
data on which the grain-size accumulation curve is 
based. The results thus obtained are given in Table 8. 

TABLE 7.—Sieve and hydrometer analysis of sample 5,394X 

A.—GENERAL DATA 


Weight of air-dried sample, grams_ - 


nn — 140.0 
Weight of dry soil dispersed, grams_ - 16, 0 
Specific gravity _-_-_- Jatt 2. 85 
Plasticity index = = 30 

B.—HYDROMETER TEST DATA! 
air 1. Hydrom- -eriod of 
i ta rime ob- Temper-| 24°. oo cf scl 
Date tested served ature eter read- sedi enta 
ing tior 
Grams per 
a liter Minutes 
June 25, 1930. - - - 9.30 a.m...  ( 0 

; 9. 30.5 a.m 76 31.0 ( 

ee eo picee 9.31 a.m 75 30.0 

| = as ‘ 9.32 a.m 75 28.0 - 

DO... cinta ae - 935 a.m. 75 27.0 

Do mae sited - ‘: 9. 45 a. m. 75 24.5 } 

Do. kniatet 10.00 a.m. 74 24.0 0) 

Do labckshaaapecinaia ; 10.30 a.m. 74 22.0 60 

Do ee 1.40 p.m. 74 20.0 250 
June 26, 1930. .- ig 9.30 a.m. 73 17.0 140 

C.—SIEVE ANALYSIS 

Per ent- 

. . : ize of 
Fraction Weight 4 persed 

umple 

Grams 

Retained on No. 10.......-.-.----- : : + 
Passing No. 10, retained on No. 20 wate os 0. 98 ee 
Passing No. 20, retained on No. 40_--.--- ; 0.80 eae 
Passing No. 40, retained on No. 60_----.-.--- ; ; 0. 90 oes 
Passing No. 60, retained on No. 140.__..-.- eR ae 4. 32 ee 
Passing No. 140, retained on No. 200_-......-.----------- 3. 80 ns 


Volume of suspension, 1 liter. 
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1. On tracing paper placed over Figure 1, line 2 is 
constructed by the method previously described, for a 
specific gravity, G, of 2.85, a weight of dry soil dis- 
persed, W, of 46.0 grams, and a temperature of suspen- 
sion of 75° F., as indicated in Tables 7, A and 7, B. 
While some of the temperatures listed in Table 7, B 
vary slightly from 75° F., the temperature throughout 
the test may be assumed as being 75° F. 

2. The percentages of material retained on each of 
the sieves in the sieve analysis are computed and listed 
in Table 7, C. From these data the percentage of ma- 
terial smaller than each of the sieve sizes is computed 
and recorded in the last column of Table 8. 

3. On a piece of tracing paper placed over Figure 2 
a curve of time against hydrometer reading is plotted, 
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No. 200 sieves as recorded in Table 8 are obtained from 
line 2, Figure 1. In this case the values are 84.78 per 
cent and 76.52 per cent, respectively, and their com- 
puted hydrometer readings are 39.5 and 35.3. These 
hydrometer readings are plotted on the grain-diameter 
curves (fig. 2) corresponding to their respective sieve 
sizes with the tracing paper in its shifted position. 
These points are shown as points 1 and 2, Figure 2. 

6. The two points are then connected with the curve 
previously drawn (full line, fig. 2) in order to tie in the 
results given by the sieve analysis with those given by 
the hvdrometer analysis. 

7. The hydrometer readings corresponding to the 
grain sizes tabulated in Table 8 are obtained from the 
curve (full line, fig. 2 Thus the hydrometer reading 
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FIGURE 3.—GRAIN-SIZE ACCUMULATION CURVE FOR Soin SAMPLE 5,394X 


as shown} by the broken line in Figure 2, from the 
observed data as recorded in Table 7, B. The inter- 
sections of this curve with the grain-diameter curves 
give the hydrometer readings corresponding to the 
times of sedimentation indicative of the grain sizes 
represented by the grain-diameter curves, uncorrected 
for variation of the specific gravity of the soil particles 
in suspension and the temperature of the suspension 
from the standard values, 2.65 and 67° F., respectively. 

4. The tracing paper is shifted horizontally through 
a distance equal to the algebraic sum of the temperature 
and specific gravity corrections, which in this case, for 
a temperature of 75° F. and a specific gravity of 2.85, 
is to the right. It should be noted that moving the 
tracing paper upon which the curve of time against 
hydrometer reading has been plotted produces the 
same effect as moving the grain-diameter curves in the 
Opposite direction. It is for this reason that a point 
representing the algebraic sum of the specific gravity 
and temperature corrections, easily obtained by means 
of a pair of dividers, is laid off from the line of zero 
correction in the direction corresponding to the sign of 
that sum and the tracing paper moved until this point 
comcides with the line of zero correction. 

_ This curve in its shifted position, shown as a full line 
in Figure 2, gives correctly the hydrometer readings 
corresponding to the grain sizes indicated by the grain- 
diameter curves. 

5. The hydrometer readings corresponding to the 
Percentages of material passing the No. 140 and the 


corresponding to a grain diameter of 0.05 millimeter is 
32.0 and the hydrometer reading corresponding to a 
erain diameter of 0.002 millimeter is 19.3. 

8. For these hydrometer readings the corresponding 
percentages of soil in suspension are obtained from line 
2 (fig. 1). Thus a hydrometer reading of 32.0 indicates 
69.3 per cent of soil in suspension and a hydrometer 
reading of 19.3 indicates 42.8 per cent of soil in sus- 
pension. These values are recorded in Table 8 and 
used in plotting the soil accumulation curve, which is 
shown in Figure 3. From this curve the percentage 
of soil smaller than any specific diameter may be 
obtained. 


TABLE 8.—Grain-size accumulation data for soil sample 5,394X 


: Maximum . _ Percentage 
NDS [grain size of ana of total 
fraction sample 
Grams per 
Villimeters liter 

10 ae. todeaentecues 100. 00 
20 i aera 7. 87 
40 | eee 96. 13 
60 > in ea ies 94.17 
140 0. 105 139.5 84.78 
200 0. 074 135.3 76. 52 
0.05 32.0 69.3 

0. 02 28.0 61.0 

0. 008 24.4 53.4 

0. 005 22.5 49.4 

0. 002 19.3 42.8 

0. 001 17.2 38.4 


1 Computed. 
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Figure 4.—CHART AND PROTRACTOR FOR CONVERTING HYDROMETER READINGS TO 


PERCENTAGES OF ORIGINALLY DISPERSED 


Soi REMAINING IN SUSPENSION 


SPECIAL APPARATUS ASSISTS IN PERFORMING THE GRAPHICAL 
SOLUTION 


The foregoing procedure was described in detail in 
order to explain clearly the basis of the various opera- 
tions. The procedure used in the laboratory of the 
Bureau of Public Roads is the same as that described 
above in essentials, but is somwhat simplified by the 
use of special apparatus. 

The apparatus which assists in determining the rela- 
tion between the hydrometer reading and the per- 
centage of soil in suspension is shown in Figure 4. It 
| consists of a chart containing scales similar to those 
, shown in Figure 1 and an adjustable protractor which 
slides on a fixed base. Both the protractor and the 
chart are mounted on a drawing board 12 inches wide 
and 16 inches long. 

The scales for hydrometer reading, percentage of 
soil in suspension, temperature, and specific gravity are 
constructed exactly like and in the same position as the 
same scales in Figure 1. A reference point for the ful- 
crum of the protractor arm is located 1 inch to the left 
of the origin. To compensate for this displacement, the 


ee el 





a i amt ares racemes 


| scale for weight of soil dispersed is shifted 1 inch to the 
Pi left of the position shown in Figure 1. This displace- 
- ment was necessitated by the fact that if the reference 
Hi point were at the origin the fulcrum of the protractor 
, i would interfere with reading the scales in the lower left- 
a | hand corner of the chart. 

fi The protractor is operated in the following manner: 
Hy, The slide clamp screw is loosened and the protractor is 
} moved vertically until the intersection of the cross 
a hairs in the transparent center of the fulcrum of the 
By protractor is directly over the reference point. The 
7, | slide clamp screw is then tightened and the arm lock 


nut is loosened. The protractor arm is rotated until 


its reading edge passes through a point whose abscissa 
corresponds to the given weight of soil displaced and 
whose ordinate corresponds to the given specific gravity. 
The arm lock nut is then tightened, the slide clamp 
screw is loosened, and the protractor is moved vertically 
until the reading edge of the arm intersects the tem- 
perature scale at the desired point. The slide clamp 
screw is then tightened. In this position the reading 
edge of the protractor arm, corresponding in position 
to line 2 (fig. 1), will give correctly the percentage of 
soil particles in suspension indicated by the hydrometer 
readings. 

The apparatus which assists in determining the grain 
size is illustrated in Figure 5. It consists of a chart 
similar to that shown in Figure 2, but without the 
temperature and specific gravity scales, and a sliding 
carriage which serves to shift the tracing paper, all 
mounted on a drawing board 16 by 21 inches in size. 
The tracing paper is held in the sliding carriage by 
two clamps. The sliding of the carriage is controlled 
by means of a thumbscrew and thrust yoke located at 
the upper right-hand corner of the board. 

The specific gravity scale is scribed on the carriage 
exactly as it was plotted in Figure 2, and the tem- 
perature scale is scribed on a fixed metal guide adjacent 
to the specific gravity scale. The scale values are the 
same as were used in the construction of the temperature 
scale (fig.2), but positive values are plotted to the left and 
negative values to the right of the zero correction line. 
This is necessary because the specific gravity scale 
moves with the tracing paper but the temperature 
scale remains fixed. The position of these scales oD 
the apparatus is shown in Figure 5. The chart con- 


taining the grain-size curves is held in place on the 
drawing board by means of two clamps, as shown. 
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This apparatus is operated in the following manner: 
The tracing paper is inserted in the slot in the movable 
carriage provided for it and the clamps are tightened. 
By means of the adjusting screw the position of the 
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described. ‘The tracing paper is then displaced hori- 
zontally by moving the slide carriage until the two 
correction scales are in such a position that the given 
specific gravity coincides with the given temperature. 




































































THE HEAD OF THE BOARD 1S COUNTERSUNK SO THAT THE SLOT WHICH HOLOS ADJUSTER SCREW HEAD 
THE TRACING SHEET WILL BE FLUSH WITH THE SURFACE oF THE BOARD A ASTENED TO MAJOR SLIDE 
| V | 
| | R SLIDE CLAMP 
| € sTu A . 4 
| i . 
‘ =~! ~ 
~ \ \ —, ——— a 
} C . ) ( (O > Riis 
—_ / SY 
, ‘< )f TRACING PAPER LAMPS ~ ) 
_—— —|\)|—— — — ‘ ~ | 
ORRECTION SCALES 
| 
| 
GRAIN SIZE a M METERS 
© ¢ oO o “) 
r “ ‘ ° ° 
60% | . - 
i 
| | ly) 
4 \ \ 
° = a | Ht 
<4 } ; } 
ame a | } 4 
( 4 | | \ CLAMP | 
] “ | } 
\ -3 4 \ + } * 
L a z \ | y 
S 20] | 
a 1 ’ 4 
« | \ } \ \ 
> | \ \ 
3 \ \ | | 
. 
¢ | \ | 
ot \ \ 
1°) 5 5 20 6 440 2880 
PERIOD OF SEDIMENTATIO T uM E 
» 
\ 
a 
p RAC A R SHEET 
ig . f ———_ 
yn 
of ———a 
eT P WA Ar nA AA 
. 2 65 
mee | : 
A —_ 
irt | = 
he 67 
ing | 
all 
| 
1Ze. | — aw 
by | TEMPERATURE °F. 60 70 «=©B0-~—)— 90 
lled l | re = os 
‘at ie haee IG OF yh : 
-. | | 595 256 } ( 
| | | | 2.95 | 2.75 2.55 | 2.35 
| | | | } } SPEC RAVITY 
‘aoe 5.00 4.50 400 375 3.50 3.25 285 265 245 2.a9 
Lis 
em- - — — — WwW ee ee 
ent ENLARGED VIEW OF CORRECTION SCALES 
the Figure 5.—CuHart aND MECHANICAL Device For OBTAINING FROM Test Data THE HypROMETER READINGS . 
ture CORRESPONDING TO SPECIFIC GRAIN SIZES 
and > . . “nm . . _- ry y be ¥ ~ . > 
line. calriage is adjusted so that a specific gravity of 2.65 The curve of time of sedimentation against hydrometer 
ale on the specific gravity scale coincides with a tempera- reading will then be in the correct position to give the 
ture _ of 67° F. on the temperature scale. A curve of hydrometer readings corresponding to the grain diam- 
3 on a of sedimentation against hydrometer reading is eters for which the information is desired. 
D : 






otted on the tracing paper in the manner previously 










2a 


Ee 
== jon. bee 


che NC TTT PCy = i ome 





INVESTIGATION OF TAR ROADS IN PROGRESS 


In cooperation with representatives of the tar in- 
dustry, the Bureau of Public Roads is conducting an 
investigation of low cost and secondary roads on 
which tar was used in construction and maintenance. 
A committee of three was appointed to represent the 
producers of tar, and an engineer was assigned to work 
directly with members of the bureau staff in making 
the study. Work on the project was begun in the 
early part of this yea 

Although tar has been used as a road material in 
different parts of the country for many years, it is of 
special interest at the present time to study its per- 
formance when used in low-cost road treatments. It 
is believed that;the investigation which is now being 
carried on will produce valuable information regarding 
methods of construction and maintenance costs, and 
the behavior of tar-bound surfaces under light and 
medium traffic. 

The procedure adopted involves (a) a preliminary 
survey of the type of road selected for study, and (b) 
a detailed study of a limited number of road projects. 
The preliminary survey serves to bring out the factors 
which should be given attention in the special study. 
Roads are selected which afford an opportunity to 
investigate all such factors. 

The detailed study of each project involves a complete 
investigation of the methods employed in construction, 
the materials and proportions used, maintenance of 
the road, and its surface condition. Samples are taken 
to determine the thickness and condition of the mat. 
In addition to the field work, exhaustive laboratory 
tests are made on the materials composing the mat, 
as well as on the base materials and the subgrade. 
The study also includes an analysis of the costs of con- 
struction and maintenance. Information regarding the 
volume and character of the traffic, if not available from 
other sources, is obtained in the course of the field work. 

Since the beginning of this investigation early in 
1931, a survey has been made in North Carolina of 
sand-clay, topsoil, traffic-bound gravel, and stone roads, 
surface-treated with tar. Over 1,000 miles of such 
surfaces have been built in the past few years and an 
extensive program of surface treatment is now in prog- 
ress. The survey has been completed and a report 
is now being prepared. 

A second survey, covering tar-bound roads in Penn- 
sylvania, is now under way. The preliminary survey 
has been completed and the detailed study begun. In 
addition to a study of low-cost surface treatments, the 
Pennsylvania work includes an investigation of tar- 
bound macadam construction. Surfaces of this type 
consist generally of a layer of aggregate 1 inches to 
5/8 inch in size spread to a loose depth of about 3 
inches, penetrated with a cold application of tar, and 
compacted by rolling or by traffic. 

In the Pennsylvania study it will be possible to 
investigate old as well as new work, thereby obtaining 
information on the effect of changes in methods and 
materials over a period of years. Following the com- 
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pletion of the work in Pennsylvania it is planned to 
extend the investigation to different parts of the 
country, and to study other types of construction which 
have proved their worth and might with advantage 
come into wider use. Information of value derived 
from these studies will be published in the form of 
progress reports as rapidly as possible. 


TRAFFIC SURVEY OF WASHINGTON, D. C., AREA 
BEGUN 


On September 10, 1931, the Bureau of Public Roads, 
in cooperation with other agencies, inaugurated a sur- 
vey of traffic on the principal highways in the area im- 
mediately adjacent to Washington, D.C. The cooper- 
ating agencies are the National Capital Park and 
Planning Commission, the District of Columbia, the 
Maryland State Roads Commission, the Virginia De- 
partment of Highways, the Maryland National Capita! 
Park and Planning Commission, the City of Alexandria, 
Arlington and Fairfax Counties, Virginia; and Prince 
Georges and Montgomery Counties, Maryland. 

This is the first comprehensive survey of the area sur- 
rounding the city of Washington. It is expected 
yield information essential to the solution of traffic 
problems in this region. The general purpose of the 
survey, according to the agreement signed by the coop- 
erating agencies, is ‘to secure facts and obtain infor- 
mation which will enable the agencies concerned to 
develop a comprehensive, systematic, and connected 
system of main highways within and between the areas 
of Fairfax and Arlington Counties, Va.; the city of 
Alexandria, Va.; Montgomery and Prince Georges 
Counties, Md.; and the District of Columbia, including 
a study of proper connections with the Federal-aid 
highway systems of Maryland and Virginia within these 
areas, and such other adjacent areas as may be affected 
by a general highway plan for the environment of th: 
District of Columbia. The surveys will be directed 
toward the development of a priority program of high- 
way construction and betterment in the entire area and 
toward fixing the location and connections of suitable 
belt lines, relief roads, or necessary relocations and 
extensions of existing highways. They will include a 
highway traffic census to determine the origin and des- 
tination of various kinds of vehicles, the preparation of 
a comprehensive report, and an analysis of the infor- 
mation obtained, for the guidance of the officials con- 
cerned in the various jurisdictions.”’ 


INDEX TO VOLUME 10 OF PUBLIC ROADS AVAILABLE 


An index to volume 10 of Public Roads, which includes 
the issues from March, 1929, to February, 1930, is now 
available for distribution, and copies may be obtained 
without charge from the Bureau of Public Roads, United 
States Department of Agriculture, Washington, |). 
Indexes to volumes 6, 7, 8, and 9 have previously been 
published, and a supply of these indexes is stil on 


hand. The index to volume 11 is now being prepare¢ 
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